The degree of incorporation of injected l-C 14 -acetate into tissue cholesterol on cholesterol free diets was much higher in the liver and plasma of swine ingesting saturated than unsaturated fat. The levels of cholesterol in all tissues increased with the presence of fat or cholesterol in the diet. In most cases, especially in the presence of cholesterol, cholesterol levels were highest in the presence of unsaturated fat. The combination of unsaturated fat with cholesterol in the diet produced the greatest degree of typical atheromatosis and the highest levels of cholesterol in the tissues, while saturated fat with cholesterol produced diffuse atypical lesions. I N THE flood of recent studies stimulated by the importance of establishing the relation, if any, between the quality and quantity of dietary fatty acids and the incidence of atherosclerosis, the level of blood cholesterol has been used, tacitly or frankly, as the criterion of the relationship. The reports by Kinsell and Michaels 1 and Ahrens, Blankenhorn and Tsaltas 2 on studies with humans fed formula diets, and many similar s.tudies, reviewed by Ahrens et al. 3 and others, are examples of such studies.
A cause and effect relationship, however, between the levels of plasma cholesterol, or of any blood lipid, and atherosclerosis, has not been conclusively established. Furthermore, evidence relating the nature of dietary fatty acids to the level of plasma cholesterol u itself conflicting.
Al fin-Slater et al. 4 and Deuel et al. 5 have demonstrated that diets deficient in essential fatty acid, though resulting in lowered plasma cholesterol levels, produce an increase Eeceived for publication March 9, ] 959. in liver cholesterol. It is possible, therefore, that even though blood cholesterol levels may be lowered on low fat or unsaturated fatty acid diets, this may indicate a redistribution of the metabolite rather than a reduced synthesis or reduced total accumulation. There may even be an increase in rate of synthesis accompanied by an increased rate of excretion. Blood plasma levels, therefore, may not be a criterion of the levels of cholesterol in arteries.
The interpretation of the relationships of the quantity and quality of dietary fat to its levels in various tissues and degrees of synthesis is hampered by lack of an integrated study using a single species of animal. The great wealth of data that has accumulated is confusing and often apparently contradictory because the conditions of the studies, and even the classes of the animals, have differed in unresolvable ways.
This study was an effort to determine the response in the levels of cholesterol, cholesterol esters, phospholipids, triglyeerides and their fatty acid compositions in liver, blood plasma, aorta and coronary artery to a low fat diet, and to high levels of saturated and unsaturated fat in the diet, for a period of approximately one year. The effect of these regimens on the degree of synthesis of cholesterol and fatty acids in the lipids of the 833 Circulation Research. Volume VII, November 1959 various tissues was also assessed by the degree of incorporation of labeled acetate ingested 24 hours before sacrifice. Swine were selected as the test animal because their atheroma have been reported to resemble most nearly those of man 0 ' " and because their size permits analysis of the coronary and of sections of the aorta of individual animals. This communication is a report of the differences in the levels of cholesterol, its esters, phospholipids and triglycerides and in the degree of incorporation of labeled acetate into free and esterified cholesterol. The response of the fatty acids of the various lipids are reported elsewhere. 7a 
METHODS

Experimental Animals
The swine used in this study were so-called "miniature swine" 0 7-10 weeks old. All were boars with tied spermatic cords. These animals have a genetic background based on "three inherently small breeds of swine . . . the Guinea pig, a wild boar from Catalina Island, and the Piney Woods pig." 8 They were classified on the basis of percentage of Piney Woods inheritance: none, 12.5 per cent, 12.5 or 50 per cent (double mating), 50 and 62.5 per cent. In grouping the animals for the several diets, those of common background were distributed throughout the 6 groups as evenly as possible.
Experimental Diets
There were 3 diets, qualitatively different with respect to fat, each with and without 2 per cent cholesterol. The basic "low fat" diet is given in table 1. The fats, myristoyl-laurint or cottonseed oilt were added at 20 per cent of the diet, replacing sucrose. The 2 per cent cholesterol also replaced sucrose. The protein, vitamin and mineral levels were made sufficiently high so that the high calorie levels of the fatty diets would not result in an inadequate daily intake of essential nutrients.
At the beginning of the study tripalrnitin was used as the saturated fat. It was later found, however, that not over 20 per cent was being absorbed. Lin of myristic and lauric* acids was substituted after approximately 5 months on diet.
Management
The animals were housed in a modern swine center, in pens having outside runways, both pens and runways being floored with concrete. They were separated, 4 to a pen, according to diet. Experienced swine herdsmen cared for the animals, feeding them morning and afternoon, as much as they would consume in 20 min. They were weighed at the beginning of the experiment and at monthly intervals thereafter (table 2) .
Losses by Premature Death
Unfortunately for statistical evaluation of the data, a number of animals died before the planned termination of the experiment. Postmortem examinations were made by veterinary pathologists. Iu some cases the cause of death was not apparent. The various causes did not appear to be related to the diets.
A bsorption of Cholesterol and Fat
Feces were collected for a period of 72 hours. The amount of fat ingested was calculated from the recorded food intake. Aliquots of the well mixed feces were analyzed for total nonsaponifiable matter and total fatty acids as follows: Total Fatty Acid. The saponified feces was acidified with 5 ml. of concentrated sulfurie acid and again extracted with petroleum ether. The petroleum ether solution was washed, dried and evaporated and the fatty acids weighed.
Lipemia Studies
Efforts were made to determine the changes in serum lipids as measured both by chylomierons and by chemical analysis after meals of saturated and unsaturated fats. The fat was included in the test meal at a level of 3 Gm./Ivg. and added to one-half or three-quarters of a pound of the basal rations. Some difficultv was encountered in en-KE1SER, SORRELS, WILLIAMS ticing animals to eat rations to which they were not accustomed. However, a number of satisfactory experiments were completed.
The animals were fasted 24 hours before the test meal and blood samples taken at intervals after the meals.
Terminal Procedures
After the animals had been on the experimental rations for approximately 11 months they were injected intraperitoneally at about 8 a.m. with O.flS me. of l-C 14 -sodium acetate (1.0 mc./Mmol)/I\g. The labeled acetate was dissolved in physiologic saline at an activity of 0.16 mc./nil. Twenty-four hours later they were anesthetized with chloral hydrate (1.9 gr./Kg.)° and exsanguinated through the femoral artery by means of polyethylene tubing passed to the heart. The blood was collected in a large suction flask under slight negative pressure. During the exsanguination several hundred milliliters of blood were diverted by means of a three-way metal stop-cock into tubes containing a few drops of heparin. The blood was eentrifuged, the plasma transferred to sterile serum bottles and stored in the freezer for subsequent analysis. The bile was collected from the gall bladder. Samples of perirenal adipose tissue, liver and bile were stored in the freezer. The aorta was removed from its origin to its bifurcation. The entire heart was removed and the coronary artery immediately dissected. The surfaces of the aortas and coronaries were partially stripped of adherent fat and stored in the freezer.
Analytic Procedures
Arteries. The aortas and the right coronaries were stained for fat with Sudan IV according to the method of Holman,t stripped of any remaining adherent adipose tissue and examined for atheroma. The arch, thoracic and abdominal sections of the aortas and the coronary arteries were examined for total cholesterol levels and relative specific activities.
The measurements of C 14 activity (counts/min./ nig.) were made in a D-47 gas flow counter with mieromil window. Infinitely thin platings of the cholesterol digitonide were made on inverted nickel planchets. All samples were counted to a total count of 5,000 using an automatic sample changer. Radioactive measurements were calibrated against a C 14 The coronary arteries and portions of segments of the aortas were digested with about equal volumes of 50 per cent aqueous KOH and made to volume (about 25 times the weight of the sample) with 1:1 acetone-alcohol solution. 0 Total cholesterol was determined on aliquots by the method of Sperry and Webb, 10 except that the cholesterol digitonide was washed 3 times with 0.5 ml. of cold water and once with 2 ml. of acetone. C 14 activity was determined on the cholesterol digitonide of additional aliquots precipitated in the same manner.
Blood Plasma. Following 2:1 ehloroform-methanol extraction 11 an aliquot of the lipid was digested with sulfuric acid and 30 per cent hydrogen peroxide for phosphate determination by the method of Bernhardt and Wreath. 12 The free and total cholesterol were determined by the method of Sperry and Webb. 10 The method of Van Handel, Zilversmit and Bowman 1 "' was used for the determination of triglycerides.
The plasma was extracted for chromatographie partition as follows: Forty milliliters of plasma was added dropwise, while shaking, to 600 ml. of: 3 :1 alcohol-ethyl ether in a liter Erlenmeyer flask. The flask was placed on a steam bath, the contents brought to a boil and cooled slightly. The extract was filtered through a fritted disc funnel of medium porosity into a 300 ml. round bottom flask under reduced pressure on the steam bath. The protein coagulum was washed with additional portions of alcohol-ether until the total quantity of solvent was equal to 25 volumes of the plasma. Evaporation was continued under reduced pressure until only a few milliliters remained. To remove the last traces of water, an equal portion of absolute alcohol was added and the evaporation carried just to dryness under a stream of nitrogen.
The residue was extracted with petroleum ether into a 125 ml. Erlenmeyer flask. This extract was, in turn, evaporated to dryness under nitrogen, and 15 ml. chloroform added, followed by 50 ml. of water. The chloroform-water mixture was well shaken, transferred to centrifuge tubes, cleared and separated by eentrifugation. The water was drawn off and the chloroform solution transferred back to the 125 ml. Erlenmeyer flask, the last traces being washed into the flask with methanol. This chloroform solution was evaporated to a. small volume, filtered free of any insoluble matter through sintered glass into a tared 25 ml. Erlen In order to determine the degrees of incorporation of injected acetate into cholesterol and into the fatty acids of the various lipids under the different dietary regimens, the extracted plasma lipids were ehromatographed according to the method of Mead and Fillerup 14 into the following fractions : cholesteryl esters, triglvcerides, free cholesterol, cephnlin and lecithin plus sphingomyelin. Columns, 15 mm. in diameter, were packed with either 10 or 15 6m. silicic acid, depending upon the size of the sample. Elution progress was cheeked by the silicic acid-glass fiber paper procedure of Dieckert and Reiser 15 -10 as modified by Sorrels and Reiser. 17 The isolated cholesterol fractions were precipitated as the digitonides and their radioactivities determined.
Liver. Ten grams of liver were chopped fine and extracted with 3 100 ml. portions of 3 :1 alcoholethyl ether, bringing each portion to boiling. It was filtered through a fritted glass funnel of medium porosity into a 300 ml. round bottom flask under reduced pressure on the steam bath. The residue on the funnel was washed once with ethyl ether, placed in a mortar, ground to a very fine powder and further extracted, once with alcoholether and once with ether. Evaporation was continued until only a few milliliters remained. To remove the last traces of water, an equal portion of absolute alcohol was added and the evaporation continued just to dryness under a stream of nitrogen.
From this point the total liver lipid was extracted and treated the same as the plasma lipid. The total washed liver lipids were made to volumes of 100 or 200 ml. Aliquots were removed for the quantitative determination of total and free cholesterol, total phospholipids and triglycerides, using the methods employed in the plasma analyses. A large aliquot containing approximately 300 mg. of total lipid was reduced to small volume and partitioned ehromatographically on a silicic acid column. The eholesteryl esters, triglycerides and free cholesterol were eluted without separation using chloroform as the solvent; this mixture was then reehromatographed into its constituents on a second silicic acid column while the separation of the phospholipids was completed on the first with the same technic as that used for plasma lipids.
Bile. The concentrations of total cholesterol and bile acids and their relative specific activities were determined using the separation procedure of Siperstein et al. ls The extracted cholesterol was precipitated as the digitonide and quantitatively determined colorimetrically according to Sperry and Webb. 10 The relative specific activity of the dig-itonide was also determined. The isolated bile acids were determined gravimetrieally and their activity determined from infinitely thin platings. fOnly the arch obtained from post mortem examination.
(Small, nonstaining, fibrous, pearly plaques covered the intima of the coronary and the abdominal segment of the aorta.
RESUI/TS AND DISCUSSION
Athcromatosis
The relative scores of the severity of atlieromatosis observed as gross Sudan IV stainable or nonstainable lesions, or as stainable streaks are given in table 3 . Photographs of aortas from each of the 6 groups are shown in figure 1 . Thus, it is only in the groups fed both fat and cholesterol, regardless of the nature of the fat, which produced pronounced arteriosclerosis. However, there was a marked difference in the appearance of the lesions. •"Values are in nig. phospliolipid per 100 mg. scrum, :is lecithin. Myristoyl-laurin was given at a level of 3 Gm./Kg. in one-half to three-quarter rjounds of the basal fat free ration.
fCottonseed oil was substituted for myristoyl-laurin.
In the animals which ingested saturated fat with cholesterol, group IV, the plaques were numerous and "pearly," stained poorly with Sudan IV, and had the feel and appearance of fibrosis and calcification. Those in the animals which ingested cottonseed oil with cholesterol, group VI, were comparatively few, large, comparatively soft, and stained heavily with Sudan IV. These were more heavily concentrated around the orifices of the branches of the aortas.
Chemical Studies
Post Prandial Serum Lipids.* In no groups and after no fatty meals was there a visible or optically measured lipemia. The serum cholesterol responses to single fatty meals showed no consistent pattern.
The phospliolipid responses are given in table 4 . All groups were not fed both types of meals since to have fed a large amount of *The studies of changes in serum lipids after fatty meals and of cholesterol absorption were made by M. J. Xoble in partial fulfillment of the requirements for the degree of Master of Science. linoleie acid to the animals on the saturated fat diets might have jeopardized the major objectives of the study. The ingestion of a single saturated fat meal by animals on low fat or saturated fat diets always results in increased serum phospholipids with a return to below the fasting level by 9 hours. On the other hand, all conditions in which cottonseed oil was fed, either in the conditioning diet or with the test meal, resulted in decreases in the phospliolipid level with little or no return to the basal level by 9 hours.
Terminal Tissue Lipids. The lipid values of the various tissues and the radioactivity values of the tissue cholesterol are given in their respective tables. All values are given since the number of animals is too small for statistical treatment.
It may be seen from table 2 that a disappointingly large number of experimental animals died before the completion of the test. The dead animals were autopsied and tissues collected for analysis. In some instances, certain tissues were not collected. It was, of course, impossible to collect blood - *Not taken at autopsy. t Failed to precipitate properly with digitonin plasma from the animals that died unexpectedly, nor could studies be made in them on the incorporation of acetate into fatty acids and cholesterol. Most of these deaths occurred in animals apparently healthy when last seen, but found dead in the morning. Hill et al. ln have reported similar experience with their miniature pigs.
The reduction in size of the experimental groups due to the sudden deaths makes statistical evaluation of the data difficult. In spite of this, many of the average values present consistent and convincing variations and relationships.
Cholesterol. The values of the cholesterol levels in the various tissues are given in table 5 . The average values are plotted in figure 2 to demonstrate important relations. Values from the aortas of animals on diet 7 months or less are not included in the averages since they were obviously low. All animals were included in the coronary averages as they were consistent. Only the levels of the abdominal segments of the aortas are plotted since the other segments did not respond as significantly to changes in the diet. There are some relationships which are immediately apparent:
The addition of any fat to the diet in the absence of cholesterol, groups III and V, resulted in increases in total cholesterol levels in all tissues and in both diets. That is, there was more cholesterol in the tissues in groups III or V than in group I. The differ- ences in the response to saturated and unsaturated acids, that is, between groups III and V, show that both liver and plasma cholesterol, free or esterified, are influenced more by unsaturated than saturated fat. This response in the liver has been reported previously 20 and may be due to the influence of unsaturated fatty acids on cholesterol absorption (table 6) . The level of artery cholesterol in the absence of dietary cholesterol is not influenced by the nature of dietary fat.
In genera], the addition of cholesterol to the diet resulted in further increases in the cholesterol levels of the tissues. That is, the tissue cholesterol of groups II, IV and VI were higher than groups I, III and V, respectively. In a few cases there wa.s no change. Thus, response was most marked in the cottonseed oil fed groups, especially in the liver and eoronaries.
The pronounced increase in total cholesterol of the liver and coronary, but not of the plasma, resulting from the ingestion of cholesterol with unsaturated fat suggests that blood total cholesterol level is not a criterion of the effects of the diet on coronary cholesterol deposition. Prom interpretation on the role of unsaturated fats in cholesterol deposition, challenges the value of unsaturated fat as a "neutralizer" of dietary cholesterol. The results are supported by the degree of atheromatosis, which, as seen in figure 1 , is very severe on the cholesterolcottonseed oil diet.
It is probable that the effect of unsaturated fat is due to its influence on the absorption of' cholesterol. As may be seen from table 6, 67 per cent of ingested cholesterol was absorbed on the low fat diet, 60 per cent on the saturated fat diet, and 87 per cent on the cottonseed oil diet. This factor would also influence 9 also found that saturated glycerides in the diet resulted in a lower absorption of cholesterol than the unsaturated.
The fact that the animals on the saturated fat diet were fed poorly-absorbed tripalmitin for the first 5 months and myristoyl-laurin for 6 months may have accentuated the difference between the saturated fat and cottonseed oil which was fed for 11 months.
Phospholipid and Trigylceride. The phospholipid and triglyceride values are given in table 7 and the average values plotted in figure 3 . There is little that is remarkable in these values. The only significant effect appears to be high levels of triglyceride on the saturated fat diets, a phenomenon that has been reported elsewhere. 21 The one instance of fatty liver, pig number 327-5 in group V, probably is not related to the diet.
The pattern of blood plasma phospholipid changes resembles that of blood plasma cholesterol changes, which is a common observation. As will be discussed below, it may be mg. cholesterol). Insufficient cholesterol present seen from the composition and relative radioactivities of the liver and plasma fatty acids that plasma lecithin has its origin in the liver, but plasma cephalin and triglycerides do not. That plasma phospholipids are formed in the liver has been demonstrated repeatedly. 22 ' 23 Studies on the cephalin and lecithin fractions separately have not, to the authors' knowledge, been previously reported. The evidence that plasma lecithin has its origin in the liver, but plasma cephalin does not, emphasizes the caution which must be exercised in drawing blanket conclusions about "phospholipids."
Radioactivity Studies. Cholesterol . The values of the relative specific, activities of the free and esterified cholesterol are given in table 8 and are charted in figure  4 . It is immediately obvious that the degree of incorporation, and therefore, probably, the rate of synthesis or turnover of cholesterol is much greater in the liver than in the arteries. It is also apparent that blood cholesterol originates in the liver and that free cholesterol has a higher degree of activity than the ester 24 hours after acetate injection. This is in confirmation of previously reported studies. 24 A very significant feature of the data is the high degree of synthesis of cholesterol on the cholesterol-free saturated fat diet and the corresponding high degree of suppression on the same diet with cholesterol. As has been reported numerous times previously, 25 " 28 cholesterol in the diet suppresses cholesterol synthesis, or, at least, the degree of incorporation of labeled acetate into cholesterol.
It is difficult to correlate the levels of cholesterol in liver and blood with the degrees of acetate incorporation. In the cholesterol fed animals, groups II, IV, and VI, one is confronted with the factors of suppression of synthesis and of dilution with endogenous cholesterol, the latter of which, in turn, varies with the degree of absorption. These interactions are difficult to assess.
In the groups not fed cholesterol, the high levels of acetate incorporation in liver and blood after saturated fat ingestion (group TIT) as compared to the relatively low level after cottonseed oil ingestion (group V) suggest a higher degree of synthesis in the former. Evidence that saturated fat is more rapidly utilized than unsaturated is presented below. If such is the case, and since cholesterol is formed from acetate derived from fatty acid catabolism, one might expect an increased rate of cholesterol synthesis on a diet high in saturated fat. However, if this is the case one should expect proportionately high cholesterol levels, which were not obtained. The possibility that the excess cholesterol thus synthesized might be excreted in the bile, is contrary to the observations of others who have reported that steroid excretion is greater during unsaturated fatty acid ingestion. 29 The concept is supported, however, by the data in table 9 from which it is apparent that much more activity is excreted in steroids of the bile of animals fed saturated fat than of any other group. toyl-lauriii or 20 per cent cottonseed oil diets, each with and without 2 per cent cholesterol. Studies were made of the degrees of absorption of the dietary fat and cholesterol. After approximately eleven months on the test diets, the animals were injected intraperitoneally with l-C 14 -acetate. After 24 hours they were exsanguinated through the femoral artery.
The coronary arteries and the aortas were stained with Sudan IV and photographed. Blood plasma, liver, segments of the aorta, the coronary arteries and bile were examined for various lipid levels, and for the degree of incorporation of labeled acetate into cholesterol.
The only typical atheromatous lesions followed the ingestion of a high level of unsaturated dietary fat with cholesterol, although numerous atypical lesions were produced by saturated fat and cholesterol.
Unsaturated fat increased cholesterol absorption. Without exception, 20 per cent fat of any nature in the diet elevated tissue cholesterol levels. Without cholesterol, unsaturated dietary fat caused higher cholesterol levels than saturated in liver and blood plasma, but not in the arteries. Two per cent cholesterol in the diet increased the tissue cholesterol levels in the absence or presence of fat. This was most marked in the liver and coronary, especially in cottonseed oil fed animals. The plasma cholesterol level is not a criterion of coronary cholesterol response to dietary fat in swine.
The degree of cholesterol synthesis in the arteries was much lower than in the liver or plasma. Similarities in the plasma and liver cholesterol indicate a common origin of both. The presence of dietary cholesterol markedly reduced the degree of acetate incorporation into tissue cholesterol. The degree of liver (and therefore blood) cholesterol synthesis was almost three times as great in animals ingesting saturated fat than in those ingesting nnsaturated fat.
Division, Sherman, Tex. contributed the cottonseed oil, Dow Chemical Company of Freeport, Tex. the d,l-methionine, Dawe's Laboratories, Inc., Chicago, 111. the vitamin B mixtures, The Upjohn Company, Kalamazoo, Mich, the heparin, Distillation Products, Rochester, X. Y. the toeopheryl acetate, and the Marco Chemical Company, Fort Worth, Tex. the fat-free, steamed bone meal.
SUMMAR10 IN I N ' T E R L I X G U A
"Minuscule" porcos mascule con ligate duetos de sperma esseva elevate ab le dislaetation usque al etate de circa un anno con dietas a basse contento de grassia o a contentos de 20 pro cento de myristoyl-laurina o oleo de coton, in omne casos con e sin le addition de 2 pro cento de cholesterol. Esseva effectuate studios relative al grado de absorption del grassia e del cholesterol dietari. Post approximativemente dece-un menses de iste dietas experimental, le animales recipeva injectiones intraperitonee de l-C 14 -acetato. Vinti-quatro horas plus tarde illos esseva exsanguinate per le arteria femoral.
Le arterias coronari e le aortas esseva timcturate con sudan TV e photographate. Le plasma de sanguine, le hepate, segmentos del aorta, le arterias coronari e le bile esseva examinate pro le nivellos de lipido e pro le grado de incorporation del marcate acetato a in le cholesterol.
Typic lesiones atheromatose sequeva solmente le ingestion de alte nivellos de nonsaturate grassia dietari eon cholesterol, ben que numerose lesiones de character atypic esseva producite per grassia saturate con cholesterol.
Grassia non-saturate auginentava le absorption de cholesterol. Sin exception, 20 pro cento de grassia de non importa qual natura elevava le nivellos de cholesterol in le histos. In le absentia de cholesterol, non-saturate grassia dietari causava plus alte nivellos de cholesterol que grassia saturate in le hepate e le plasma de sanguine sed non in le arterias. T.e presentia de duo pro cento de cholesterol in le dieta augmentava le nivellos de cholesterol del histos in le absentia si ben como in le presentia de grassia. Isto esseva le plus marcate in le hepate e le coronario, speeialmeute iu le caso del animales nutrite con oleo de coton. Le nivello del cholesterol in le plasma non es un eriterio pro le responsa cholesterolic del coronario al ingestion de grassia per porcos.
Le grado del synthese de cholesterol in le arterias esseva multo plus basse que in le hepate o que in le plasma. Similitudes del cholesterol plasmatic e hepatic reflecte un origine commun del duo. Le presentia de cholesterol dietari reduceva marcatemente le grado del iuincorporation de acetato in le cholesterol del histos. Le grado del synthese de cholesterol del hepate (e ergo del sanguine) esseva quasi tres vices plus grande in animales ingerente grassia saturate que in auimales ingerente grassia non-saturate.
